We carried out a multiwavelength analysis of the solar limb flare on 2002 April 15. The observations all indicate that the flare occurred in an active region with an asymmetric dipole magnetic configuration. The earlier conclusion that magnetic reconnection is occurring in a large-scale current sheet in this flare is further supported by these observations: (1) Several bloblike sources, seen in RHESSI 12-25 keV X-ray images later in the flare, appeared along a line above the flare loops. These indicate the continued presence of the current sheet and are likely to be magnetic islands in the stretched sheet produced by the tearing-mode instability. (2) A cusplike structure is seen in Nobeyama Radioheliograph (NoRH) 34 GHz microwave images around the time of the peak flare emission. We quantitatively demonstrate that the X-ray-emitting thermal plasma seen with RHESSI had a higher temperature than the microwaveemitting plasma seen with NoRH. Since the radio data preferentially see cooler thermal plasma, this result is consistent with the picture in which energy release occurs at progressively greater heights and the hard X-rays see hot new loops while the radio sees older cooling loops. The kinetic energy of the coronal mass ejection (CME) associated with this flare was found to be about 1 order of magnitude less than both the thermal energy in the hot plasma and the nonthermal energy carried by the accelerated electrons in the flare, as deduced from the RHESSI observations. This contrasts with the higher CME kinetic energies typically deduced for large flares.
INTRODUCTION
It is now widely accepted that magnetic reconnection occurs in the corona to power eruptive solar events such as flares and coronal mass ejections (CMEs; for an overview see Aschwanden 2004) . Magnetic reconnection mechanisms have been studied extensively via theory, but decades of observation have provided only indirect evidence for the reconnection scenario (McKenzie 2002) . A number of different magnetic reconnection models have been proposed (Priest & Forbes 2002 ), but they all predict the existence of one or more current sheets where oppositely directed magnetic field lines converge and reconnect so that magnetic energy is converted into heat and the kinetic energy of energetic particles. Thus, in order to test these magnetic reconnection models, it is crucial to verify the existence of current sheets in flares and the occurrence of magnetic reconnection within them. The difficulty in carrying out this test is in the very small thickness predicted for current sheets.
Several flare models (e.g., Forbes & Priest 1995; Shibata et al. 1995; Lin & Forbes 2000) , which were developed from the standard two-dimensional bipolar flare models (Carmichael 1964; Sturrock 1966; Hirayama 1974; Kopp & Pneuman 1976) , predict the existence of a large-scale current sheet in flares. On theoretical grounds (e.g., Holman 1985) the current sheet must be very thin-on the order of or much less than a few kilometersi.e., far smaller than the observational limits of present-day imaging instruments. Nevertheless, these sheets may be directly observable if seen edge-on so that a significant emission measure (EM) exists along the observational line of sight. Some possible direct observations of large-scale, edge-on current sheets below erupting CMEs have been recently reported (Ciaravella et al. 2002; Ko et al. 2003; Webb et al. 2003; Lin et al. 2005) . However, no such observations have been reported in the impulsive phase of solar flares. Some seminal observations, e.g., cuspshaped soft X-ray flare loops (Tsuneta et al. 1992; Tsuneta 1996) , high-temperature plasma along the field lines mapping to the tip of the cusp (Moore et al. 1980; Tsuneta 1996) , and a hard X-ray (HXR) source located above the soft X-ray loops (Masuda et al. 1994 , suggested that the lower tip of the current sheet might be located somewhere at or above the top of the flare loops. However, information on the location of the upper end of the current sheet was missing, and it was unclear whether or not a large-scale current sheet exists in flares.
Recently, Sui & Holman (2003) found strong evidence for the existence of a large-scale current sheet in an M1.2 flare on 2002 April 15, using observations obtained with the Reuven Ramaty High-Energy Solar Spectroscopic Imager (RHESSI ). The RHESSI images below 20 keV showed a flare loop with a bright loop top and a coronal source above the loop. The coronal source initially appeared to be connected with the loop before the impulsive phase started. Afterward, the coronal source appeared to detach from the loop and stayed stationary for about 2 minutes before moving outward at $300 km s
À1
. Sui & Holman (2003) found that the loop top centroid at high energies was located higher in altitude than the loop top centroid at low energies, while the high-energy part of the coronal source was located lower in altitude than the low-energy part, indicating that the temperature of the underlying loops increased toward higher altitude, and the temperature of the coronal source increased toward lower altitude. These two opposite-temperature gradients strongly suggest that the energy release occurred between the flare loop top and the coronal source above, providing strong evidence for the existence of a large-scale current sheet. Sui & Holman (2003) found another interesting feature in the same flare that also suggests the formation of a current sheet. Decades of observations have indicated an outward expansion of flare loops as the flare progresses. In the standard two-dimensional flare model (Carmichael 1964; Sturrock 1966; Hirayama 1974; Kopp & Pneuman 1976) and its more modern versions (e.g., Forbes & Priest 1995; Shibata et al. 1995; Lin & Forbes 2000) , this outward loop expansion is interpreted as an apparent motion, reflecting a shift of emission to higher, newly reconnected field lines. However, in the 2002 April 15 flare, Sui & Holman found that before the X-ray loop started to move outward, the apparent source altitude decreased at $9 km s À1 in the early impulsive phase of the flare. This downward motion lasted for $2 minutes. It is not predicted by the standard two-dimensional reconnection models. Sui & Holman interpreted this decrease in altitude to be due to the change of the magnetic field configuration as the X-point collapsed into a current sheet. Another possibility is that the loop shrinkage is the observation of the relaxation of newly reconnected field lines before the outward buildup of the newly reconnected loops becomes dominant (Sui et al. 2004; Lin 2004) . Recently, Veronig et al. (2005) showed that a collapsing magnetic trap model (Karlický & Kosugi 2004) could explain this downward motion.
Two other flares, one on 2002 April 14-15 and the other on April 16, occurred in the same active region as the 2002 April 15 flare. They share some common features with the flare on April 15 (Sui et al. 2004) : (1) A coronal source up to $30 00 above the flare loop appeared before the impulsive phase started. For the April 16 flare, the coronal source above the flare loop had an energy gradient similar to that of April 15 ; i.e., the highenergy part of the coronal source was located lower in altitude than the low-energy part. (2) Before the flare loop moved upward, the flare loop top centroid moved downward for 2-4 minutes during the early impulsive phase of the flare, falling by 13%-30% of its initial height with a speed in the range of 8-23 km s
. All these features were considered to be related to the formation and/ or the development of the current sheet (Sui et al. 2004) .
In this paper, we further study multiwavelength observations of the 2002 April 15 event to determine whether they are consistent with the formation of the large-scale current sheet previously inferred from the RHESSI data alone. We also compare the energies of the flare-heated plasma and accelerated electrons with the kinetic energy of the associated CME. We make use of observations from the following instruments: RHESSI, the Nobeyama Radioheliograph (NoRH), the Transition Region and Coronal Explorer (TRACE ), and the Michelson Doppler Imager (MDI) and Large Angle and Spectrometric Coronagraph (LASCO) on board the Solar and Heliospheric Observatory (SOHO).
OBSERVATIONS AND DATA ANALYSIS
RHESSI and TRACE observations of the flare, and LASCO observation of the CME, are described in x 2.1. The NoRH microwave observations are described and then compared with the RHESSI observations in x 2.2. The flare and CME energetics are discussed in x 3. We discuss and summarize our results in x 4.
2.1. RHESSI, TRACE, and LASCO Observations 2.1.1. RHESSI Images RHESSI X-ray light curves in two energy bands (6-12 and 25-50 keV) are shown in the top panel of Figure 1 . The 6-12 keV flux started to rise at $23:02 UT. The HXR flux (>25 keV), after a minor increase starting at 23:07 UT, rose abruptly at 23:09:40 UT, indicating the start of the impulsive phase. The impulsive phase lasted for $8 minutes until 23:17:30 UT, when the 25-50 keV count rate returned to the preflare level. RHESSI stopped observations after 23:20 UT because of its entry into the South Atlantic Anomaly (SAA). The gradual flux decrease in the 25-50 keV band before the start of the flare was due to the high particle background, while the gradual flux increase in the same energy band after the impulsive phase was caused by the entry into the SAA.
A sequence of RHESSI 10-20 keV images is shown in Figure 2 . The images are dominated by the emission from a flare loop with its northern leg longer than the southern leg, indicating an asymmetric loop structure. The coronal source appeared above the loop after first being connected with the loop in the rise phase of the flare (first two panels in Fig. 2 ). After staying stationary for about 2 minutes, the source moved upward with a speed of $300 km s
À1
and later disappeared from the RHESSI images.
A CME was identified to be associated with this flare. As indicated by SOHO LASCO C2 and C3 difference images (Fig. 3) , a large coronal loop visible up to $17 R propagated outward at an average speed of $(300 AE 100) km s
. The height-time plot for the outward-moving coronal source seen in the RHESSI images and the CME seen in the LASCO C2/C3 images is shown in Figure 4 . Extrapolating forward in time from the RHESSI images with this velocity puts the outward-moving coronal source seen in RHESSI at the leading edge of the coronal loop seen in the LASCO C2 image at 02:26 UT on April 16 (Fig. 3, left) . This suggests that the outward-moving coronal source seen with RHESSI has a strong connection with the CME.
RHESSI images in different energy bands at the flare HXR peak (23:11-23:12 UT) are shown in Figure 5 . The RHESSI images below 20 keV show a bright loop top, while the images at higher energies show a loop top source plus two additional sources that we interpret as footpoints of the same loop. The centroid of the loop top source at high energies is located higher than at low energies (Sui & Holman 2003) . The footpoints and the HXR loop top source can be seen during most of the impulsive phase (from 23:09:40 to 23:13 UT). The HXR loop top source is brighter in this energy than either footpoint except at the major peak, while most of the HXR loop top sources previously reported were weaker relative to the footpoints (e.g., Masuda et al. 1994 Masuda et al. , 1995 Petrosian et al. 2002; Sui et al. 2002) . Veronig & Brown (2004) was carefully checked (e.g., using ''CLEAN boxes'' when reconstructing the CLEAN image) 5 and appears not to be a real footpoint. The simpler two-footpoint loop configuration is also consistent with the TRACE images shown below.
The two footpoints were not of equal brightness. The southern footpoint (SF ) was brighter than the northern footpoint (NF ) (see Fig. 5 ). This asymmetry is probably caused by the asymmetry in the photospheric magnetic field strength (Melrose & White 1979; Sakao et al. 1996) . The electrons precipitating into the footpoint with the stronger magnetic flux suffer more severe magnetic mirroring, therefore emitting weaker HXR emission at that footpoint. This interpretation is consistent with the longitudinal magnetogram obtained with the SOHO MDI shown in Figure 6 . The maximum line-of-sight magnetic field strengths near the northern and southern footpoints are À380 and +280 G, respectively. However, Siarkowski & Falewicz (2004) reported quasi-periodic changes in the asymmetry of two footpoint fluxes in an X-class flare observed with the Yohkoh Hard X-Ray Telescope (HXT). They suggested that the footpoint asymmetry in their case might be due to asymmetric injection of electrons from the top of the flaring loop.
TRACE Observations
The TRACE 1600 8 channel is sensitive to plasma in the temperature range between 4 and 10 ; 10 3 K (Handy et al.1999) . In the rise phase of the flare (before 23:09:40 UT), TRACE 1600 8 images show two ribbons (Fig. 7, left) . The northern ribbon is about 30 00 long, with the northeast end brighter than the rest of the ribbon; the southern ribbon is about 20 00 long, but brighter than the northern one. The overlaid RHESSI 10-20 keV image suggests that the X-ray loop connects the two ribbons.
When the impulsive phase started, a small, bright kernel in 1600 8 emission suddenly appeared in the middle of the northern ribbon (Fig. 7, right) . It is cospatial with the northern footpoint seen in the RHESSI images. The large kernel that was present in the southern ribbon before the impulsive phase also brightened at the same time. This large kernel is almost cospatial (within $5 00 ) with the southern footpoint seen in RHESSI images. The intensity of the kernels in 1600 8 increased at the same times that the RHESSI 25-50 keV flux increased. In the decay phase, those distinct kernels along the two ribbons gradually disappeared, and the ribbons became more uniformly bright but with the southern ribbon still brighter than the northern one.
In the right panel of Figure 7 , there is an additional, weaker 1600 8 source to the west of and connected to the southern ribbon. This source appeared soon after the impulsive phase started. Its intensity and location did not change for more than 20 minutes. This evolution indicates that this source is chromospheric and not directly associated with the X-ray loop top source and the coronal source above the loop top, because both of these X-ray sources existed before the start of the impulsive phase and involved differently.
Magnetic Islands in the Current Sheet
As introduced in x 1, Sui & Holman (2003) proposed that a large-scale current sheet was formed between the coronal source above the flare loop and the HXR loop top source. The coronal source moved outward at a speed of $300 km s
À1
, while the loop moved at only $10 km s À1 (Sui & Holman 2003; Sui et al. 2004 ). Thus, the current sheet must have continuously elongated. This elongation of the current sheet is incorporated in various flare models (see a review by Priest & Forbes 2002) . Furth et al. (1963) showed that a current sheet can be unstable to the tearing-mode instability. They predicted that a stretched current sheet becomes unstable to the tearing mode after its length exceeds about 2 times its width. The tearing mode will change the magnetic topology along the current sheet such that bloblike magnetic island structures appear. This could explain the bursty and intermittent pulses (on timescales of seconds or Fig. 2 . Because the time gap between those images ($20 s) is short, the three data points appear like one in the plot. The uncertainty in the coronal source height is estimated to be 0B5 ($0.4 Mm). Considering the faint nature of this CME, we take the measurement error for its leading edge to be 16 pixels, which is equivalent to a full error bar of 0.19 R ($132 Mm) for C2 and 0.94 R ($654 Mm) for C3. subseconds) of particle acceleration seen in HXRs and radio wavelengths (Aschwanden 2002) . Signatures of the tearing mode have been seen in Tokomaks, and we speculate that, for the first time, we have detected them in the RHESSI images of this flare.
With a speed of 300 km s
, the outward-moving coronal source above the loop must have exited the RHESSI image field of view at around 23:13 UT (see Fig. 2 ). However, the RHESSI 10-20 keV images between 23:13 and 23:18 UT show several faint bloblike sources along the trajectory of the initial coronal source above the flare loop. Two such images are plotted in Figure 8 , where the trajectory of the original coronal sources is shown as a dotted line in each image. Although the location of these sources changed from time to time, they were always located along this trajectory within $3 00 . Therefore, these bloblike sources are evidence for the growth of an instability within the current sheet. The most likely instability is the tearing-mode instability, because as stated above, it is expected to occur as the sheet lengthens and it can produce distinct magnetic blobs with enhanced local heating of the plasma.
It is possible that these blobs are artifacts of the RHESSI image processing. But the appearance of these blobs in the expected location, at different times, in different energy bands constructed with different imaging algorithms all argue against this possibility. The ongoing efforts by the RHESSI team to improve the dynamic range of RHESSI images should eventually allow us to further study the nature of these sources.
NoRH Observations
Because gyrosynchrotron microwave emission and HXR bremsstrahlung are both produced by highly energetic electrons, but with different emission mechanisms, the observations in these two wavelength regimes offer us information on different aspects of conditions in the solar atmosphere where flares occur (White et al. 2003) . Bremsstrahlung is produced by collisions between accelerated electrons and ambient plasma; thus, the intensity depends on their densities. Gyrosynchrotron microwave radiation depends on the magnetic field intensity and its direction. The gyrosynchrotron production mechanism is extremely efficient, allowing us to detect electrons at energies of hundreds of keV, even when their numbers are very low. Microwave emission can also be produced by thermal electrons through bremsstrahlung in sufficiently dense thermal plasma, similar to the production of soft X-rays.
This flare was observed by NoRH at 17 and 34 GHz. We made maps with 1 s time resolution and spatial resolutions of 12 00 at 17 GHz and 8 00 at 34 GHz. The dynamic range of NoRH images can be greater than $200:1, i.e., much better than the $20:1 currently achieved with RHESSI.
NoRH Microwave Observations
The time profiles of the microwave flux at 17 and 34 GHz, shown in the bottom panel of Figure 1 , were obtained from images with constant background subtracted. Evidently, the time profiles at the two frequencies are different in the rise and impulsive phases of the flare. The 17 GHz flux increased slowly as early as 23:02 UT, when the RHESSI 6-12 keV flux started to increase. It is striking that from 23:07 to 23:09:40 UT, just before the impulsive rise, even the very small flux increase in the RHESSI 25-50 keV band corresponds to a simultaneous flux increase at 17 GHz. The spikes at 17 GHz during the impulsive phase correlate very well with the spikes in the RHESSI 25-50 keV band, suggesting that the 17 GHz emission was gyrosynchrotron radiation from predominantly nonthermal electrons. During the decay phase (after 23:16 UT), the X-ray flux below 25 keV was decreasing, while the 17 GHz flux maintained a level 5 times the background and increased slowly until 23:23 UT. This difference in time profiles suggests that the 17 GHz flux in the decay phase is predominantly bremsstrahlung from thermal plasma but originating in a plasma at a temperature different from that of the hard X-ray-emitting plasma (we study this difference in more detail below).
Unlike the 17 GHz flux, the 34 GHz flux did not significantly increase until the impulsive phase started at 23:09:40 UT. During the impulsive phase, the 34 GHz fluxes increased gradually and steadily, except for a short spike around 23:11:30 UT, which corresponded to the major peak in both the 17 GHz flux and the RHESSI 25-50 keV HXR flux. The fluxes at 17 and 34 GHz after 23:16 UT were about equal, indicating a flat (thermal) spectrum. Both the 17 and 34 GHz fluxes had a secondary peak around 23:23 UT. Notice that the general 34 GHz time profile is similar to that of the GOES 1-8 8 soft X-ray (SXR) flux (except at the major HXR peak), further suggesting that the 34 GHz flux was predominately thermal during most of the flare.
The NoRH microwave maps at 17 and 34 GHz shown in Figure 9 are morphologically different from one another, except in panel G. The images at the two frequencies reveal the evolution of different microwave radiation mechanisms throughout the flare. Starting at 23:00 UT, the 17 GHz images suggest some emission from both the active region where the flare occurred and coronal sources above it. They look very different from the later images when the flare was fully developed. After 23:05 UT, the 17 GHz images show two ends of a flare loop, with the northern end much brighter than the southern end (Fig. 9, panel A) . As pointed out in x 2.1, the longitudinal magnetic field near the The RHESSI 25-30 keV image at the major HXR peak is overlaid. The contour levels are 55%, 70%, and 90% of the peak flux. The maximal magnetic field strength at the northern (''NF'') and southern (''SF'') footpoints are À380 and +280 G, respectively. northern footpoint was stronger. The rise in emission at 17 GHz prior to the impulsive phase that is not seen at 34 GHz can be attributed to electrons accelerated to energies high enough to produce relatively low harmonic gyrosynchrotron radiation but not high enough to produce significant gyrosynchrotron emission at 34 GHz. When the impulsive phase started at 23:09:40 UT, the 17 GHz images ( panels B, C, and D) were still dominated by footpoint emissions, with the northern footpoint still much brighter than the southern one. The 17 GHz images between 23:16 and 23:26 UT show the two footpoints with comparable brightness and some emission from the entire loop ( panel E), suggesting a different radiation mechanism: thermal free-free emission. This interpretation is in agreement with the gradual time profile after 23:16 UT, and with the similarity of the time profile to the GOES SXR behavior. All the images after 23:26 UT show only the flare loop, with the southern half of the loop brighter than the northern half (panel G). This is presumably because the EM of the plasma observed in microwaves in the southern leg is showing coronal blobs believed to be evidence for magnetic islands produced by the tearing-mode instability along a current sheet above the flare loop. The images were constructed with the PIXON image algorithm (Hurford et al. 2002) using RHESSI grids 3-9. The integration time of each images is 20 s. The contour levels are 5%, 10%, 20%, 30%, and 50% of the peak flux in each image. The dotted line indicates the trajectory taken by the coronal source above the loop shown in Fig. 2 . Fig. 9 .-NoRH microwave images at 17 GHz (dark contours) and 34 GHz (light contours). The contour levels are 5%, 10%, 30%, and 70% of the peak flux in each image for 17 GHz, and 17%, 30%, 50%, 70%, and 90% for the 34 GHz images. Based on the common features seen in both RHESSI and NoRH, the NoRH 17 and 34 GHz images were shifted by (+5, +4) and (À4, +5), respectively. The labels A-E and G correspond to the times marked on the light curves in Fig. 1. larger, in agreement with RHESSI and TRACE 1600 8 images showing a larger southern footpoint relative to the northern one.
The 34 GHz images do not show any identifiable source until the start of the impulsive phase at 23:09:40 UT (panel A). This is consistent with the flat time profile due to the background emission. Between 23:09:40 and 23:11:10 UT (panels B and C), all the 34 GHz images show the flare loop. The two footpoints of the flare loop were brighter than the rest of the loop but had comparable brightness. These images suggest thermal free-free emission, in agreement with the gradual flux increase in the time profile during that period. The two bright loop footpoints, which are similar to the 34 GHz images between 23:16 and 23:26 UT when free-free emission dominated, indicate that the density of the plasma contributing to the microwave emission is higher at the footpoints. The images between 23:11:20 and 23:11:50 UT (panel D), when the 34 GHz time profile had a spike, were dominated by the emission near the two ends of the loop, but with the northern end brighter than the southern one, suggesting the presence of electrons with sufficient energy (above 100 keV) to produce nonthermal gyrosynchrotron radiation at both 17 and 34 GHz. All the images after 23:11:50 UT show the flare loop (panels E and F), with the southern half of the loop being brighter than the northern half, as is also seen in the 17 GHz images after 23:26 UT.
Cusp Structure in the Microwave Images
Besides the flare loop and footpoints, the NoRH images at both 17 and 34 GHz all show a cusplike structure above the loop during the impulsive phase. The cusp can be seen in the 17 GHz images around the HXR peak of the flare (Fig. 10 , lighter contours) and in the 34 GHz image at 23:11:20 UT (as indicated by an arrow in panel D of Fig. 9 ).
Further analysis indicates that the cusplike structure at 17 GHz during the HXR peak might be free-free emission from the coronal source above the active region, which existed before the flare started. As we mentioned above, in the early rise phase between 23:00-23:05 UT, the 17 GHz images showed some emissions from the active region and from the coronal sources above. To check whether or not the coronal source in the preflare phase contributes to the emission seen in the vicinity of the cusp during the flare, we subtract the average of the 17 GHz images during the period 23:00-23:05 UT (Fig. 10a ) from the images near the flare peak (Figs. 10b-10f , light contours) and found that the cusp was not prominent in the subtracted images (Figs. 10b-10f , dark contours). This suggests that much of the apparent emission from the cusp location at 17 GHz is active-region free-free emission that was present along this line of sight prior to the flare.
In contrast, we subtracted the average of the 34 GHz images during the period 23:00-23:05 UT from the 34 GHz image at the 23:11:20 UT, but in this case the cusp remains clearly visible in the subtracted images. This is because of the fact that the 34 GHz images do not show any source identifiable with the cusp during the rise phase. A 34 GHz image at 23:08:30 UT showing background emissions is plotted in Figure 9 (panel A). The backgroundsubtracted images are almost exactly the same as those original images. This indicates that the cusp in the 34 GHz images was associated with the flare, not preexisting coronal features.
Comparison of Microwave Images With X-Ray Images
The two footpoints seen with NoRH and RHESSI have the opposite flux asymmetries. The southern footpoint is stronger of the two in the RHESSI images, but it is the weaker footpoint in the NoRH images. This suggests that the magnetic field near the northern footpoint is stronger than the field near the southern footpoint, in agreement with the MDI magnetogram.
NoRH 17 GHz and RHESSI 20-50 keV images both show the emissions from the nonthermal electrons during the impulsive phase of the flare. But the 17 GHz images are more sensitive for detecting these energetic electrons. This was particularly important in detecting the weak electron fluxes before the impulsive phase started. As indicated in the RHESSI light curve (Fig. 1, top  panel) , there was some weak HXR flux in the 25-50 keV band starting at 23:07:00 UT over $2 minutes before the start of the impulsive phase. But the flux was too low for the 25-50 keV images to show any identifiable source. In contrast, the 17 GHz images as early as 23:05 UT, almost 5 minutes before the impulsive phase of the flare started, show emission from the two footpoints of the loop, with the northern one much brighter than the southern one.
The brightness peak of the RHESSI 10-20 keV images and most of the 34 GHz images (when thermal emission dominated, i.e., before 23:11:20 UT and after 23:11:30 UT) are located in different places in the loop. The peak of the RHESSI 10-20 keV images is always located in the loop top region (Fig. 11) , while the peak in the 34 GHz images (Fig. 9, panels B, C , E, and G) is located either near the two footpoints or in the southern half of the loop. In the standard flare models (Carmichael 1964; Sturrock 1966; Hirayama 1974; Kopp & Pneuman 1976) , the magnetic reconnection occurs above the flare loops, and consequently the loop top region is hotter than the rest of the loop. Thus, the plasma producing thermal emission observed in microwaves is most likely cooler than the plasma producing the X-rays seen with RHESSI.
The flare loop in the X-ray images was located higher than that in the microwave images during the decay phase after 23:16 UT. In the impulsive phase (panels B, C, and D of Fig. 11 ), the loop in the 10-20 keV images (dark contours) seems to be cospatial with that in 34 GHz (light contours). However, in the decay phase (panels E and F), the loops in the RHESSI images are located higher than the loops in the NoRH images. This is particularly evident in panel F, where the RHESSI loop was $10 00 higher. This difference in loop location again is consistent with the hypothesis that RHESSI is more sensitive to the higher temperature plasma than NoRH.
The apparent upward expansion of flare loops seen in the RHESSI images (Sui & Holman 2003; Sui et al. 2004 ) is also evident in microwaves, while downward motion is not seen. As indicated in Figure 9 , the flare loops in 17 and 34 GHz moved upward as the flare progressed. A rough estimate of the speed is $4 km s À1 , which is slower than the upward motion speed ($8-21 km s À1 ) seen in the RHESSI images (Sui & Holman 2003; Sui et al. 2004 ). This slower speed explains why the loops in microwaves are located lower in altitude than those seen in X-rays during the decay phase of the flare. We also checked for downward motion using the 34 GHz images between 23:09:40 and 23:11:30 UT, when the downward motion was seen in the RHESSI images, but again, no obvious downward motion was detected.
In the next section, we quantitatively demonstrate that the plasmas seen by GOES and RHESSI could not produce enough microwave emission to account for the microwave fluxes observed with NoRH. This can also explain why the coronal source above the flare loops seen in the RHESSI 10-20 keV images (Fig. 2) did not appear in any of the NoRH images.
Comparison of Predicted and Observed Free-Free Microwave Fluxes
Based on the NoRH time profile and images, we have concluded that thermal bremsstrahlung dominated the emission at 34 GHz except at the major peak around 23:11:30 UT, when the emission was gyrosynchrotron. The differences between the RHESSI 10-20 keVand the 34 GHz images, as discussed above, further indicate that the plasma seen with RHESSI is hotter than Fig. 11. -RHESSI 10-20 keV images (dark contours) and 34 GHz images (light contours). The contour levels are 15%, 25%, 45%, 60%, and 90% of the peak flux in each RHESSI image. The 34 GHz images are the same as in Fig. 9 . The 34 GHz images were shifted the same amount as in Fig. 9 . The labels A-F correspond to the times marked on the light curve in Fig. 1. that seen by NoRH. To quantitatively test this hypothesis, we calculated the predicted microwave flux emitted by the plasma observed with RHESSI and GOES, and compare it with the NoRH measured flux at 34 GHz.
Before calculating the flux of free-free emission, we first check whether the emission at 17 and 34 GHz was optically thin or thick. The optical depth () of hot coronal plasma at frequency (GHz) is calculated with the formula (Lang 1999) :
where T is the plasma temperature (MK), EM is the emission measure (in units of 10 49 cm
À3
), and A is the emitting source area (10 18 cm 2 ). Recently, have obtained T and EM of the thermal plasma for this flare from GOES and RHESSI observations (see Fig. 6 of . The GOES T and EM were obtained using the code developed by White et al. (2005) , based on the Chianti atomic model (Young et al. 1998 ). The RHESSI T and EM were obtained by fitting spatially integrated RHESSI spectra. During the decay phase of the flare, typical EM and T obtained with RHESSI are $10 48 cm À3 and 20 MK, respectively. The source area estimated from the NoRH images is $7 ; 10 18 cm 2 . According to equation (1), the optical depths at 17 and 34 GHz are 10 À3 and 2 ; 10 À4 , respectively, i.e., much less than 1, indicating that the emission at both 17 and 34 GHz is optically thin.
We compute the expected 34 GHz flux using the following formula for optically thin free-free emission (Lang 1999) :
where F() is the microwave flux (10 À22 W m À2 Hz À1 , or sfu) at frequency (in GHz). Using the T and EM obtained with GOES and RHESSI, the predicted 34 GHz fluxes from the plasma observed with GOES and RHESSI are plotted in Figure 12 . The NoRH observed 34 GHz flux after 23:09:30 UT is also plotted (solid line). Since the 34 GHz flux did not significantly increase until 23:09:30 UT, the average flux during 23:00-23:05 UT, believed to be preflare background flux was subtracted from the observed 34 GHz flux. It is evident that the predicted fluxes are less than the NoRH observed flux by a factor of 4-5. The predicted fluxes from GOES and RHESSI are comparable during most of the flare, although the flux predicted by RHESSI peaks $4 minutes earlier, consistent with RHESSI seeing hotter plasma. Based on equation (2), in order to account for the observed microwave emission, we need to decrease T and/or increase EM. Thus, we conclude that the radio emission seen after the impulsive phase is thermal emission from a plasma with a temperature lower than that of the plasma producing the X-rays. This agrees with the finding of Chertok et al. (1995) that the main contribution to the microwave bursts (if they are due to optically thin thermal bremsstrahlung) comes from evaporating, denser ''warm'' plasma with a temperature less than that of X-ray-emitting plasma.
Since the microwave flux of free-free emission is not sensitive to the frequency , the discussion above also applies to 17 GHz. This means that during the decay phase of the flare, the NoRHobserved 17 GHz flux must also be produced by cooler plasma.
3. FLARE AND CME ENERGETICS Solar flares and CMEs are believed to be two different manifestations of the same energy release process (i.e., magnetic reconnection) in the solar corona. Therefore, a reliable estimate of energy partition between the flare and CME provides constraints on the energy release process (Emslie et al. 2004) .
The peak thermal energy and the total nonthermal electron energy of this flare have recently been calculated by . A low-energy cutoff of 24 keV to the distribution of accelerated electrons was determined with an uncertainty of AE2 keV from a combination of spectra, images, and light curves derived from RHESSI data alone. As a result, the total energy in the nonthermal electrons was estimated to be (1:6 AE 1) ; 10 30 ergs, compared with the peak thermal energy of $6 ; 10 29 ergs estimated from both GOES and RHESSI data. The uncertainty for the nonthermal energy was based on the low-energy cutoff uncertainty of AE2 keV.
Using the method proposed by Vourlidas et al. (2000) , the mass of the ejected large coronal loop in Figure 3 is estimated to be (5 AE 2:5) ; 10 13 g. The projected velocity of the CME is 300 AE 100 km s
À1
. Therefore, the kinetic energy of the CME is $2 þ4 À1:7 ; 10 28 ergs. The kinetic energy of the CME is about one order of magnitude less than both the thermal energy of the plasma and the nonthermal energy in the accelerated electrons. This result is opposite to the results of Emslie et al. (2004) . For the two big events they analyzed (X4.8 flare on 2003 July 23 and X1.5 flare on 2002 April 21), both the thermal and nonthermal flare energies, estimated from RHESSI observations, were onehalf to a whole order of magnitude smaller than the CME energy. However, the uncertainty of these energies is still large (Emslie et al. 2005) . These limited studies may suggest that flare energies are poorly correlated with associated CMEs. A statistical study of 249 CMEs observed with the Solar Maximum Mission coronagraph (Hundhausen 1999) indicated that the kinetic energy of CMEs correlated poorly with the SXR peak intensities of the associated flares. Hundhausen (1999) pointed out that, given the intensity of a flare, the kinetic energy of its associated CME can still be spread over a range of at least three orders of magnitude. Sui & Holman (2003) presented strong evidence for the existence of a large-scale current sheet in the M1.2 flare on 2002 April 15. In order to further test this conclusion, we have analyzed this event with additional observations from RHESSI and other instruments. Several aspects of these observations have been found to be consistent with the predictions of the twodimensional standard flare models (e.g., Forbes & Priest 1995; Shibata et al. 1995; Lin & Forbes 2000) . The observations indicate that a dipole magnetic configuration is involved in the flare. A nonsymmetrical flare loop, consistently revealed by the RHESSI, TRACE, and NoRH images, connects the opposite magnetic polarities. The two footpoints in the RHESSI and NoRH images co-align well with the bright kernels in the two ribbons seen in the TRACE 1600 8 images. The RHESSI images indicate that the southern footpoint of the flare loop is brighter than the northern one. However, the NoRH microwave images show the opposite. With the consideration of magnetic mirroring (Kundu et al. 1995) , this apparent contradiction can be reconciled if the magnetic field near the northern footpoint was stronger than the southern footpoint. The MDI magnetogram is indeed consistent with this asymmetric magnetic configuration.
SUMMARY AND DISCUSSIONS
Further analysis of the RHESSI images suggests that tearingmode-like islands are seen, consistent with the presence of the large-scale current sheet claimed by Sui & Holman (2003) for this event. Furth et al. (1963) predicted that when a current sheet is stretched it would become unstable to the tearing-mode instability, resulting in bloblike magnetic island structures along the current sheet. During the decay phase of the flare, the RHESSI 12-25 keV images showed several faint, bloblike sources along the trajectory of the initial coronal source. Although the location of these sources changed from time to time, they were always located along this trajectory. Most importantly, the presence of these blobs indicates the continuing existence of the current sheet.
The true size of magnetic islands should be much smaller than the size of the bloblike sources (i.e., $10 00 -15 00 ) seen in the RHESSI images. Because the current sheet is very thin (<1 00 ), the size of the magnetic islands should be less than, or at most equal to, the thickness of the current sheet, even considering the possibility that some of magnetic islands may collapse into each other due to the nonlinear tearing-mode instability (Carreras et al.1980) . Two possible reasons why we see these relatively large sources are: (1) The blobs were not resolved due to the current RHESSI imaging limitation. When one bright, large source (e.g., the X-ray loop top) and one faint, smaller source are in the same RHESSI image, it is impossible to resolve the smaller source using any of the existing RHESSI imaging algorithms, because imaging with finer grids (say, grid 1 with 2B3 resolution) will over-resolve the larger, brighter source and thus cause the whole image to break up.
(2) The current sheet was not observed exactly edge-on. The size of the islands would be larger if they were significantly extended along the width of the current sheet. Ko et al. (2003) and Lin et al. (2005) reported LASCO C2/C3 observations of multiple bloblike sources moving in a long, thin streamer-like feature in two flareassociated CMEs. They interpreted those blobs as outflow plasma from a continuously reconnecting current sheet about a few hours after the impulsive phase of the associated flares.
The 34 GHz microwave observations show a cusplike feature above the flare loop. Such a cusplike structure above the flare loop, previously observed with Yohkoh Soft X-Ray Telescope (SXT) (e.g., Tsuneta et al. 1992; Tsuneta 1996) , is believed to indicate a kink in the reconnected magnetic field lines, suggesting the existence of the current sheet. One of the 34 GHz NoRH images near its peak shows a cusplike feature above the loop. However, neither the coronal source above the loops in the impulsive phase found by Sui & Holman (2003) nor the bloblike sources discussed here appeared in any of the microwave images. The absence of these sources in the microwave images could be due to the fact that the thermal emission detected with RHESSI is produced by plasma with higher temperatures than that producing the microwaves. This also explains the difference in appearance of the thermal sources in the RHESSI and NoRH images, such as the greater height of the SXR loops in the decay phase.
We do not find the interpretation of the coronal HXR source as thick target bremsstrahlung by Veronig & Brown (2004) to be in conflict with the radio observations. Veronig & Brown (2004) estimated the peak plasma density inside of the loop to be around 5 ; 10 10 cm À3 . The plasma frequency associated with this density is around 2 GHz. This is well below the NoRH observation frequencies of 17 and 34 GHz. However, if reconnection continuously forms new loops as expected in the standard models, the thick-target interpretation does require the reconnecting loops to be dense even before reconnection occurs, because chromospheric evaporation typically needs tens of seconds to minutes to fill a loop (Antonucci et al. 1990 , and references therein).
The apparent upward expansion of the flare loops was seen in microwaves, in agreement with the RHESSI results. However, the expansion speed in microwaves ($4 km s À1 ) was much slower than the speed in X-rays ($8-21 km s
À1
). This difference in speed is consistent with the argument that thermal microwave emission is radiated from the cooler loops. The loop shrinkage found in the RHESSI images was not detected by NoRH. This could be due to the following two reasons. First, unlike the RHESSI images, the microwave images do not have a bright loop top. Instead, the two legs or footpoints are brighter than the rest of the loop. Thus, it is very difficult to determine the loop altitude as precisely as we did with the loops in the RHESSI images. The X-ray loop shrinkage was only $2 00 -3 00 for this event (Sui & Holman 2003; Sui et al. 2004) . Second, the microwave images show the emission from loops filled with the cooler plasma, which reconnected much earlier than the hot loops seen in X-rays. Therefore, the shrinkage caused by the formation or development of the current sheet would not affect the cooler, lower microwave loops as much as the hotter, higher X-ray loops.
We have also compared the kinetic energy of the CME associated with this flare with the energy contained in the thermal plasma observed in X-rays and in accelerated electrons. The energy contained in both the hot plasma and the accelerated electrons was found to be about 1 order of magnitude larger than the kinetic energy of the CME. For the two events analyzed by (Emslie et al. 2004) , the CME kinetic energies were found to be almost 1 order of magnitude larger than both the flare thermal and nonthermal energies. The analysis of this limited number of cases suggests that the flare energy and the kinetic energy of the associated CME may not correlate with each other. However, a recent statistical study by Burkepile et al. (2004) showed that there might be a correlation between ''limb'' CMEs and soft X-ray peak flux from associated flares. Nevertheless, the correlation is rather poor. For a particular flare class, CME kinetic energy may vary by orders of magnitude.
It is worthwhile to emphasize that the thermal energy of the flare was taken as the peak thermal energy during the flare. The energy losses due to radiative and conductive cooling were not included in the calculation. Therefore, the total flare thermal energy could be underestimated by an order of magnitude Emslie et al. (2005) . With energy losses included, the energy budget results of Emslie et al. (2004) may changed significantly. However, for the flare we analyzed here, the thermal energy of the flare will be even larger than we have presented and, therefore, still larger than the kinetic energy of the CME.
To conclude, we want to point out that although the modern versions of the two-dimensional standard flare model can explain several aspects of the observation in this flare, there are other observations that are beyond the model predictions, such as the loop shrinkage and the above-the-loop coronal source staying stationary for a few minutes before moving outward (Sui & Holman 2003; Sui et al. 2004 ). Moreover, the detectability of current sheets and magnetic islands has not been studied in the framework of the two-dimensional models either. We hope the observations presented here will inspire some further studies in these regards.
